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Abstract We present a study on the beam single spin
asymmetries Asin φhLU of π
+, π− and π0 production in
semi-inclusive deep inelastic scattering process, by con-
sidering Collins effect and the g⊥D1 term simultane-
ously. We calculate the twist-3 distributions e(x,k2T )
and g⊥(x,k2T ) for the valence quarks inside the proton
in a spectator model. We consider two different options
for the form of diquark propagator, as well as two differ-
ent choices for the model parameters in the calculation.
Using the model results, we estimate the beam spin
asymmetries AsinφhLU for the charged and neutral pions
and compare the results with the measurement from the
HERMES Collaboration. We also make predictions on
the asymmetries at CLAS with a 5.5GeV beam using
the same model results. It is found that different choices
for the diquark propagator will not only lead to differ-
ent expressions for the distribution functions, but also
result in different sizes of the asymmetries. Our study
also shows that, although the spectator model calcula-
tion can describe the asymmetries for certain pion pro-
duction in some kinematic regions, it seems difficult to
explain the asymmetries of pion production for all three
pions in a consistent way from the current versions.
1 Introduction
The single spin asymmetry (SSA) appearing in high
energy scattering process, known as a powerful tool
to probe the internal structure of the nucleon, has at-
tracted extensive attention in QCD spin physics [1,2,
3,4] in the past two decades. Sizable SSAs in the semi-
inclusive deep inelastic scattering (SIDIS) were mea-
sured by the HERMES Collaboration [5,6,7,8,9,10,11],
the COMPASS Collaboration [12,13,14,15,16], and the
aemail: zhunlu@seu.edu.cn
Jefferson Lab (JLab) [17,18,19,20,21]. As a particu-
lar case of SSAs, the beam spin asymmetry was ob-
served in SIDIS by colliding the longitudinal polarized
electron [17,20,21] or positron beam [9] on the unpo-
larized nucleon target. Originally, two different mecha-
nisms have been proposed to explain the observed asym-
metry. One is the so called Boer-Mulders effect [22],
which suggests that the beam SSA is contributed by
the convolution of the Boer-Mulders function h⊥1 [23]
and the fragmentation function (FF) E [22,24]. The
other refers to the Collins effect [24,25], which indicates
that the asymmetry is resulted from the coupling of the
distribution e [26,27] with the Collins FF H⊥1 [28].
Apart from the above-mentioned mechanisms, a new
source giving rise to the beam SSA at the twist-3 level
has been found through model calculations [29,30]. This
mechanism involves a new twist-3 transverse momen-
tum dependent (TMD) distribution function (DF), de-
noted by g⊥ [31], which appears in the decomposition
of the quark correlator if the dependence on the light-
cone vector is included. Furthermore, the function g⊥
is time-reversal odd, thus it needs initial-state or final-
state interaction [32,33,34] via soft gluon exchange to
receive a nonzero result. In this sense, g⊥ is often viewed
as an analog of the Sivers function [35,36] at twist 3.
In Refs. [37,38,39], a scalar diquark model had been
adopted to calculate g⊥. In our recent work [40], we
extended the previous calculations by using a specta-
tor model which includes the axial-vector diquark to
obtain g⊥ for both the u and d quarks. Moreover, by
using the model results, we estimated the beam SSA in
neutral pion production at CLAS and HERMES, and
compared the calculations with the experimental data
in that work. It was found that the T -odd twist-3 dis-
tribution g⊥ may play an important role in the beam
SSA in SIDIS [40].
2In this work, we study the contribution of g⊥, as
well as that of the Collins effect, to the beam SSAs for
the pion production of all three flavors in SIDIS. To
this end we recalculate the twist-3 TMD DFs g⊥ and
e in the spectator model, as shown in Sec. 2. Specifi-
cally, we consider two different options for the propaga-
tor of the axial-vector diquarks, as well as two different
relations between quark flavors and diquark types for
comparison. The first choice we adopt is the one used
in Ref. [40], and it has been proposed previously in
Ref. [41]. For the second choice we apply the option used
in Ref. [42]. In Section. 3, we present an analysis on the
beam SSAs for the charged and neutral pion produc-
tions at the kinematics of HERMES [9], and compare
the results with the experimental data, based on the
DFs e and g⊥ for the u and d valence quarks obtained
from the two options. For a further test, we also make
the predictions on the beam SSAs for π+, π− and π0
at CLAS with the beam energy Ee = 5.5 GeV. We also
compare the contributions from the Collins effect and
DF g⊥ in the numerical calculation. Some conclusions
are addressed in Sec. 4.
2 Model calculation of TMD DFs e and g⊥ in
the spectator model with an axial-vector
diquark
In this section, we present our calculation on the twist-
3 TMD DFs e and g⊥. The DF e has been calculated
by several models, such as the spectator model [24,43],
the chiral quark-soliton model [44], and the bag model
[45]. There was also an attempt to extract e [25] from
SIDIS data [17]. The DF g⊥ has been studied by the
spectator model [37,38,39,40].
The gauge-invariant quark-quark correlator for the
unpolarized nucleon can be expressed as
Φ[+](x,kT ) =
∫
dξ−d2ξT
(2π)3
eik·ξ〈P |ψ¯j(0)L[0−,∞−]
× L[0T , ξT ]L[∞−, ξ−]ψi(ξ)|P 〉 , (1)
where [+], corresponding to the SIDIS process, denotes
that the gauge-link appearing in Φ is future-pointing;
k and P are the momenta of the active quark and the
target nucleon, respectively. At the twist-3 level, the
correlator (1) can be decomposed into [46]:
Φ[+](x,kT )
∣∣∣∣
twist-3
=
M
2P+
{
e − g⊥γ5 ǫ
ρσ
T γρkTσ
M
+ · · ·
}
,
(2)
here · · · denotes the other twist-3 DFs that are not
relevant in our calculation. The TMD DFs e and g⊥
may be obtained from the correlator via the following
traces:
M
P+
e(x,k2T ) =
1
2
Tr[Φ[+]γα], (3)
ǫαρT kTρ
P+
g⊥(x,k2T ) = −
1
2
Tr[Φ[+]γαγ5]. (4)
In the following, we will calculate e and g⊥ in the
spectator model adopted in our previous work [40], which
was originally developed in Ref. [41]. For comparison,
we will also consider the variations of the spectator
model and calculate the same twist-3 TMD DFs using
the version adopted in Ref. [42].
Using the spectator approximation, we can insert a
complete set of intermediate states |P −k〉 [43] into the
correlator (1), which has the following analytic form in
the lowest order:
Φ(0)(x,kT ) =
1
(2π)3
1
2(1− x)P+ M
(0)M(0), (5)
where M(0) is the nucleon-quark-spectator scattering
amplitude at the tree level:
M(0) = 〈P − k|ψ(0)|P 〉
=


i
k/−m Υs U(P )
i
k/−m ε
∗
µ(P − k, λa)Υµv U(P ),
(6)
and M¯(0) is its Hermitian conjugation. Here Υs/v de-
notes the nucleon-quark-diquark vertex (s for the scalar
diquark and v for the axial-vector diquark) and has the
following form [43]
Υs(k
2) = gs(k
2), Υµv (k
2) =
gv(k
2)√
2
γµγ5, (7)
εµ(P − k, λa) is the polarization vector of the axial-
vector diquark, and gX(k
2) is the form factor of the
coupling. To regularize the light-cone divergent appear-
ing in the calculation of g⊥, we choose the dipolar form
for gX(k
2):
gX(k
2) = NX
k2 −m2
|k2 − Λ2X |2
= NX
(k2 −m2)(1 − x)2
(k2T + L
2
X)
2
, X = s, v, (8)
where ΛX is the cutoff parameter, NX is the coupling
constant, and L2X has the form
L2X = (1− x)Λ2X + xM2X − x(1− x)M2. (9)
3Inserting Eqs. (6), (7) and (8) into Eq. (5), we obtain
the lowest-order correlator contributed by the scalar di-
quark component:
Φ(0)s (x,kT ) ≡
N2s (1− x)3
32π3P+
[(k/ +m)(P/ +M)(k/+m)]
(k2T + L
2
s)
4
,
(10)
and by the axial-vector diquark component:
Φ(0)v (x,kT ) ≡
N2v (1− x)3
64π3P+
dµν(P − k)
× [(k/+m)γ
µ(P/−M)γν(k/ +m)]
(k2T + L
2
v)
4
, (11)
where k+ = xP+, and dµν is the polarization sum (the
propagator) of the axial-vector diquark.
To calculate the T-even DF e(x, k2T ), it is sufficient
to apply the lowest order results (10) and (11) for the
correlator. However, (10) and (11) lead to a vanish-
ing g⊥(x, k2T ) since it is T-odd. To obtain the nonzero
result for g⊥(x, k2T ), one needs to consider the inter-
ference between the lowest-order amplitude M(0) and
the one-loop-order amplitude M(1) for generating the
necessary phase difference. In the spectator model, this
interference gives rise to the following contributions to
the quark correlator:
Φ(1)s (x,kT ) ≡ −ieqesN2s
(1− x)3
32π3P+
1
(k2T + L
2
s)
2
×
∫
d2qT
(2π)2
[( k/− q/ +m)( P/+M)( k/+m)]
q2T ((kT − qT )2 + L2s)2
,
(12)
Φ(1)v (x,kT ) ≡ −ieqN2v
(1− x)2
128π3(P+)2
1
(k2T + L
2
v)
2
×
∫
d2qT
(2π)2
dρα(P − k) (−iΓ+,αβ)
× dσβ(P − k + q)
× [( k/ − q/+m)γ
σ(P/ −M)γρ( k/+m)]
q2T ((kT − qT )2 + L2v)2
,
(13)
where q+ = 0 is understood, and Γµs or Γ
µ,αβ
v is the
vertex between the gluon and the scalar diquark or the
axial-vector diquark:
Γµs = ies(2P − 2k + q)µ, (14)
Γµ,αβv = −iev[(2P − 2k + q)µgαβ − (P − k + q)αgµβ
− (P − k)βgµα], (15)
here es/v denotes the charge of the scalar/axial-vector
diquark.
Diquark MX (GeV) ΛX (GeV) cX
Scalar s(ud) 0.822 0.609 0.847
Axial-vector a(ud) 1.492 0.716 1.061
Axial-vector a′(uu) 0.890 0.376 0.880
Table 1 Values for the parameters to calculate the DFs in
Set 1, taken from Ref. [41], which are fixed by reproducing the
parametrization of unpolarized [49] and longitudinally polar-
ized [50] parton distributions.
Substituting (10) into (3) and (12) into (4), we ob-
tain the contributions from the scalar diquark to e and
g⊥:
es(x,k2T ) =
1
16π3
N2s (1− x)2
(k2T + L
2
s)
4
× [(1 − x)(xM +m)(M +m)
−(1 + m
M
)k2T − (x+
m
M
)M2s
]
, (16)
g⊥s(x,k2T ) = −
N2s (1− x)2
(32π3)
eseq
4π
×
[
(1− x)Λ2s + (1 + x)M2s − (1− x)M2
L2s(k
2
T + L
2
s)
3
]
(17)
We find that our expression for es is the same as Eq. (86)
of Ref. [43] when choosing α = 2, and the result for g⊥s
has already been given in Ref. [40].
To calculate the quark correlator contributed by the
axial-vector diquark, one needs the form of the propa-
gator dµν . Different forms for dµν will lead to different
results. In Ref. [41], all the four forms of the propagator
appearing in literature (Refs. [42,43,47,48]) have been
studied. We find that only two of them give convergent
results for g⊥ even if the dipolar form factor is applied.
The first form is
dµν(P − k) = − gµν + (P − k)µn−ν + (P − k)νn−µ
(P − k) · n−
− M
2
v
[(P − k) · n−]2
n−µn−ν , (18)
which is the summation over the light-cone transverse
polarizations of the axial-vector diquark [47], and has
been applied to calculate leading-twist TMD DFs in
Ref. [41]. The second form is
dµν(P − k) = − gµν . (19)
which was used in Ref. [42]. Therefore, in this work, we
will choose the above two forms for completeness.
First of all, when choosing the first form of dµν (e.g.,
Eq.(18)), we arrive at the following expressions for e and
4g⊥ from the axial-vector diquark component:
ev(x,k2T ) =
1
16π3
N2v (1 − x)2
(k2T + L
2
v)
4
× [(1− x)(M +m)(xM +m)
−(1 + m
M
)k2T − (x+
m
M
)M2v +
2mk2T
M(1− x)
]
,
(20)
g⊥v(x,k2T ) =
N2v (1− x)
32π3
eveq
4π
{
1
L2v(k
2
T + L
2
v)
3
× [(1− x)(xM +m)2 + (1− x)2M2 −M2v
+xL2v
]− x
(k2T + L
2
v)
2k2T
ln
(
k2T + L
2
v
L2v
)}
.
(21)
Secondly, we use the other form of dµν (e.g., Eq.(19))
to obtain the alternative expressions for ev and g⊥v:
ev(x,k2T ) =
N2v (1− x)2
16π3
1
(k2T + L
2
v)
4
×
[
(1− x)(M +m)(xM +m)− (2 + m
M
)k2T
+(1− x)(m2 + xM2)− (2x+ m
M
)M2v
]
,
(22)
g⊥v(x,k2T ) =
N2v (1− x)
32π3
eveq
4π
{
1
L2v(k
2
T + L
2
v)
3
× [(1− x)(xM +m)2 + (1− x)2(2− x)M2
−(x+ 2)M2v − (1− x)L2v − xk2T
]
− x
(k2T + L
2
v)
2k2T
ln
(
k2T + L
2
v
L2v
)}
. (23)
With f s and fv (here f denotes an arbitrary TMD
DF) at hand, one can construct the DFs for u and d va-
lence quarks. However, in doing this calculation, there
is a degree of freedom one can choose, which is the rela-
tion between quark flavors and diquark types. As shown
in Ref. [41], a general relation can be cast into
fu = c2sf
s + c2af
a, fd = c2a′f
a′ , (24)
here a and a′ denote the vector isoscalar diquark a(ud)
and the vector isovector diquark a(uu), respectively,
and cs, ca and ca′ are the parameters of the model. In
Ref. [41], these parameters as well as the mass param-
eters (such as the diquark masses MX , cut-off parame-
ters ΛX) are fitted from the ZEUS [49] and GRSV01 [50]
DF sets. Particularly, in Ref. [41], the mass parameters
for different vector diquark types are treated differently,
that is, the two isospin states of the vector diquark are
distinguished.
Different from Eq. (24), a commonly used approach
in the previous spectator models [42,43] to construct
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Fig. 1 The x and kT dependences of xe(x,k2T ) in Set 1. Left
panel: the shapes of xeu (solid line) and xed (dashed line) as
functions of kT at x = 0.3; right panel: the shapes of xeu (solid
line) and xed (dashed line) as functions of x at kT = 0.3GeV.
the distributions of u and d valence quarks can be ex-
pressed as follows:
fu =
3
2
f s +
1
2
fa, fd = fa
′
, (25)
here the coefficients in front of fX are obtained from the
SU(4) spin-flavor symmetry of the proton wave func-
tion. In this case, the mass parameters for different ax-
ial diquark are the same.
In this work, we will consider both the relations
given in (24) and (25), combined with two choices for
the axial-diquark propagator, to obtain two sets of the
DFs e and g⊥ for the valence quarks. To calculate the
first set of e and g⊥ (we label them as the “Set 1”
DFs), we use ev and g⊥v calculated from the first choice
for the propagator dµν (18) together with the relation
shown in (24), which has also been applied in Ref. [41].
For the parameters used in this calculation, again we
adopt them (listed in Table. 1) from Ref. [41] for con-
sistency. In Fig. 1 we plot the x and kT dependences of
e(x, k2T ) in Set 1 for the u and d valence quarks. We will
not present the numerical results for g⊥ since the corre-
sponding curves have been shown in Fig. 1 of Ref. [40].
We also apply the expressions of ev and g⊥v resulted
from the second form of dµν (19), along with the SU(4)
relation (25), to calculate the numerical results of e and
g⊥ for the u and d valence quarks (we label them as the
“Set 2” DFs). In Fig. 2 and Fig. 3 we show the DFs e
and g⊥ as functions of x and kT in Set 2, respectively.
Figs. 1, 2, 3 and Fig. 1 in Ref. [40] show that differ-
ent approaches in the spectator model will lead to quite
different results for e and g⊥, including their flavor de-
pendences, the sizes and signs. In Set 1 eu is negative
while that in Set 2 is mostly positive, also the kT depen-
dences for e in the two sets are very different. First, eu
and ed in Set 2 monotonically decrease with increasing
kT , while those in Set 1 increase in the low kT region
then start to decrease at kT = 0.3 GeV. Second, at
small kT the size of e in Set 2 is much larger than that
in Set 1. Similarly, We find that at small kT , the size
5Diquark MX (GeV) ΛX (GeV) c2X
Scalar s(ud) 0.6 0.5 1.5
Axial-vector a(ud) 0.8 0.5 0.5
Axial-vector a′(uu) 0.8 0.5 1.0
Table 2 Values for the parameters to calculate the DFs in
Set 2, taken from Ref. [42].
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Fig. 2 Similar to Fig. 1, but for e in Set 2.
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
 x g  u vs kT
 x g  d vs kT
  
 
x=0.3
kT(GeV)
Set 2
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.1
0.2
0.3
0.4
 x g  u vs x
 x g  d vs x
Set 2
kT=0.3GeV
 
 
x
Fig. 3 The x and kT dependences of xg⊥(x,k2t ) in Set 2.
Left panel: the shapes of xg⊥u (solid line) and xg⊥d (dashed
line) as functions of kT at x = 0.3; right panel: the shapes of
xg⊥u (solid line) and xg⊥d (dashed line) as functions of x at
kT = 0.3GeV.
of f1 in Set 2 is also much larger than that in Set 1,
although the x dependence of the collinear DF f1(x) in
Set 1 is similar to f1(x) in Set 2. We would like to point
out that the size and sign of e(x) in Set 2 are similar to
the results in Ref. [43], where another propagator for
the axial-vector diquark was used:
dµν(P − k) = −gµν + PµPν
M2v
. (26)
Also in Set 2, the sign of e(x) in the small and moderate
x regions is consistent with the calculation from the
chiral quark-soliton model [44]. For the DF g⊥, we find
that its flavor dependence is different in the two sets,
such that in Set 1 (see Fig. 1 in Ref. [40]) the size of
g⊥u is several times larger than that of g⊥d, while in
Set 2 the sizes of them are comparable.
Fig. 4 The kinematical configuration for the SIDIS process.
The initial and scattered leptonic momenta define the lepton
plane (x − z plane), while the detected hadron momentum
together with the z axis identify the hadron production plane.
3 Numerical results for beam single spin
asymmetries in three different pion production
In this section, we perform our phenomenological analy-
sis on the beam SSAs for π+, π− and π0 at the kinemat-
ics of HERMES and CLAS. The process under study is
the SIDIS with a longitudinally polarized lepton beam:
e(ℓ) + p(P ) → e′(ℓ′) + h(Ph) + X(PX) , (27)
where ℓ and ℓ′ denote the momenta of the incoming and
scattered electon/positron, and P and Ph denote those
of the target nucleon and the final-state hadron. The
differential cross section of the SIDIS is expressed by
the invariants:
x =
Q2
2P · q , y =
P · q
P · l , z =
P · Ph
P · q , γ =
2Mx
Q
,
Q2 = −q2, s = (P + ℓ)2, W 2 = (P + q)2, (28)
here q = ℓ− ℓ′ is the momentum of the virtual photon,
andW is the invariant mass of the hadronic final state.
The reference frame we adopt in this work is shown in
Fig. 4, where the virtual photon and the target pro-
ton are collinear and along the z axis. Furthermore, we
use kT to denote the intrinsic transverse momentum
of the quark inside the proton, and use P T to denote
the transverse momentum of the detected hadron. The
transverse momentum of the hadron h with respect to
the direction of the fragmenting quark is denoted by
pT . The azimuthal angle between the lepton and the
hadron planes is defined as φh.
Generally, the differential cross section of SIDIS for
a longitudinally polarized beam with helicity λe off an
unpolarized hadron can be expressed as [46]:
dσ
dxdy dzhdP 2T dφh
=
2πα2
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)
{FUU
+λe
√
2ε(1− ε) sinφh F sinφhLU
}
, (29)
where FUU and F
sinφh
LU are the helicity-averaged and
helicity-dependent structure functions, respectively. The
subscripts of the above two structure functions stand
6for different polarizations of the beam or the target.
The ratio of the longitudinal and transverse photon flux
denoted by ε can be given as:
ε =
1− y − γ2y2/4
1− y + y2/2 + γ2y2/4 . (30)
In the parton model, based on the tree-level fac-
torization adopted in Ref. [46], the two structure func-
tions in Eq. (29) can be expressed as the convolutions
of twist-2 and twist-3 TMD DFs and FFs. With the
help of the notation
C[wfD] = x
∑
q
e2q
∫
d2kT
∫
d2pT δ
2(zkT − PT + pT )
× w(kT ,pT )f q(x,k2T )Dq(z,p2T ), (31)
and the reference frame we choose, FUU and F
sinφh
LU are
given by the following expressions [46]:
FUU = C[f1D1], (32)
F sinφhLU =
2M
Q
C
[
PˆT · pT
zMh
(
Mh
M
f1
G˜⊥
z
+ x eH⊥1
)
+
PˆT · kT
M
(
Mh
M
h⊥1
E˜
z
+ x g⊥D1
)]
, (33)
where PˆT =
P T
PT
with PT = |P T |, and Mh is the mass
of the final-state hadron. The beam SSA AsinφLU as a
function of PT therefore can be expressed as
AsinφhLU (PT ) =
∫
dx
∫
dy
∫
dz 1xyQ2
y2
2(1−ε)∫
dx
∫
dy
∫
dz 1xyQ2
y2
2(1−ε)
×
(
1 + γ
2
2x
)√
2ε(1− ε) F sinφhLU(
1 + γ
2
2x
)
FUU
. (34)
The x-dependent and the z-dependent asymmetries can
be defined in a similar way.
Eq. (34) shows that it is the structure function F sinφhLU
that gives rise to the sinφh beam SSAs. As we can
see from Eq. (33), F sinφhLU receives various contributions
from the convolutions of the twist-3 TMD DFs and
FFs with the twist-2 ones. In the following calculation,
we will neglect the contributions from the quark-gluon-
quark correlators (often referred to as the Wandzura-
Wilczek approximation [51]), which is equivalent to set-
ting all the functions with a tilde to zero. It is worth-
while to point out that a calculation from the spectator
model [52] as well as a model-independent analysis [53]
on the T -odd quark-gluon-quark correlators shows that
the gluonic (partonic) pole contributions for FFs van-
ish. The FF G˜⊥(x,p2T ) appears in the decomposition
of the T -odd part of the TMD quark-gluon-quark cor-
relator [46,54], for which the gluonic pole contribution
should play an essential role. Whether the vanishing
gluonic pole matrix elements for collinear FFs can be
generalized to the case of TMD FFs deserves further
study [55]. Nevertheless, we ignore the G˜⊥ and E˜ con-
tributions based on the Wandzura-Wilczek approxima-
tion.
According to the above arguments, there are two re-
maining terms that give contributions to the structure
function F sinφhLU . One is the Collins-effect term eH
⊥
1 ,
which has been applied to analyze the beam SSA of
π+ production in Refs. [24,25]. The other is the g⊥D1
term that was proposed in Ref. [31], and was adopted
to calculate the beam SSA of π0 production [40] re-
cently. Thus, in the following calculation of the beam
SSAs for π+, π− and π0, we will take both terms into
consideration and arrive at
F sinφhLU ≈
2Mx
Q
∑
q=u,d
e2q
∫
d2kT
{
PˆT · (P T − zkT )
zMh
×
[
x eq(x,k2T )H
⊥q
1
(
z, (P T − zkT )2
)]
+
PˆT · kT
M
[
x g⊥q(x,k2T )D
q
1
(
z, (P T − zkT )2
)]}
.
(35)
For the twist-3 TMD DFs e and g⊥, we apply the re-
sults obtained in the previous section. As for the Collins
FF H⊥1 for different pions, we adopt the following rela-
tions:
H
⊥pi+/u
1 = H
⊥pi−/d
1 ≡ H⊥1fav, (36)
H
⊥pi+/d
1 = H
⊥pi−/u
1 ≡ H⊥1unf , (37)
H
⊥pi0/u
1 = H
⊥pi0/d
1 ≡
1
2
(
H⊥1fav +H
⊥
1unf
)
, (38)
where H⊥1fav and H
⊥
1unf are the favored and unfavored
Collins functions, for which we use the parameterized
results from Ref. [56].
For the TMD FF Dq1
(
z,p2T
)
that couples with the
distribution g⊥, we assume its pT dependence has a
Gaussian form
Dq1
(
z,p2T
)
= Dq1(z)
1
π〈p2T 〉
e−p
2
T
/〈p2
T
〉, (39)
where 〈p2T 〉 is the Gaussian width for p2T . Following the
fitted result in Ref. [57], we choose 〈p2T 〉 = 0.2 GeV2
in the calculation. For the integrated FFs Dq1(z), we
will adopt the Kretzer parametrization [58]. Finally,
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Fig. 5 The beam SSAs Asinφh
LU
for pi+, pi− and pi0 production
in SIDIS at HERMES calculated from the Set 1 twist-3 DFs.
The dashed, dotted and solid curves show the results from the
Collins effect term, the g⊥D1 term and the total contribution,
respectively. In the central and right panels, the thin and the
thick lines correspond to the results for the low-z (0.2 < z <
0.5) and mid-z (0.5 < z < 0.8) regions. The data are from
Ref. [9], with open circles, full circles, and open squares for
0.2 < z < 0.5, 0.5 < z < 0.8, and 0.8 < z < 1 regions. The
error bars represent the statistical uncertainties.
throughout the paper, we consider the following kine-
matical constraints [59] on the intrinsic transverse mo-
mentum of the initial quarks in our calculation:{
k2T ≤ (2− x)(1 − x)Q2, for 0 < x < 1;
k2T ≤ x(1−x)(1−2x)2 Q2, for x < 0.5.
(40)
The first constraint in Eq. (40) is obtained by requiring
the energy of the parton to be less than the energy of the
parent hadron, while the second constraint arises from
the requirement that the parton should move in the for-
ward direction with respect to the parent hadron [59].
For the region x < 0.5, there are two upper limits for
k2T at the same time; it is understood that the smaller
one should be chosen.
To perform numerical calculation on the beam SSAs
of pion production in SIDIS at HERMES, we adopt the
following kinematical cuts [9]:
0.023 < x < 0.4, 0 < y < 0.85, 1GeV2 < Q2 < 15GeV2,
W 2 > 4GeV2, 2GeV < Eh < 15GeV, (41)
whereEh is the energy of the detected final-state hadron
in the target rest frame. In the left, central, and right
panels of Fig. 5 and Fig. 6, we show the results of the
beam SSAs for π+, π− and π0 as functions of z, x,
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Fig. 6 Similar to Fig. 5, but calculated from the twist-3 DFs
in Set 2.
and PT and compare them with the HERMES data [9].
Fig. 5 shows the results when using the TMD DFs e and
g⊥ in Set 1, while Fig. 6 shows the results calculated
from Set 2.
Comparing the theoretical curves with the data, one
can see that in the case of the first set, our results can
describe the data for π+ and π0, as shown in Fig. 5;
while our calculation miss the sign of the asymmetry for
π−. After carefully examining different contributions to
the beam SSA at HERMES, we find that for π+ pro-
duction, the eH⊥1 term and the g
⊥D1 term give rise to
the asymmetries with opposite signs, while for π− pro-
duction, both terms contribute positive asymmetries.
In the case of the second set, our results agree with
the data for π+ and π− fairly well, on the contrary, the
prediction for π0 asymmetry largely underestimates the
data. We also find that, in this case, the leading contri-
bution is from the eH⊥1 term, however, the contribution
from the g⊥D1 term is almost negligible. This is due to
the fact that in this set the size of g⊥ at small kT is
much smaller than that of e. In both sets, the contribu-
tion from the eH⊥1 term to the π
0 asymmetry is very
small. This is an expected result since the favored and
unfavored Collins functions have almost similar sizes
but opposite signs.
Furthermore, to make a thorough comparison, we
also make the prediction at CLAS, where the asym-
metries for π+, π− and π0 are being measured by us-
ing a 5.5GeV longitudinally polarized electron beam off
the proton target [60]. Again, we adopt the kinematical
constraints on kT in Eq. (40) and apply the following
8-0.03
0.00
0.03
0.06
0.09
-0.03
0.00
0.03
0.06
0.09
0.4 0.6
-0.03
0.00
0.03
0.06
0.09
0.2 0.4 0.3 0.6
 CLAS
  
 
 
 eH
1
 g D
1
the sum
 
 
 
   
 
 
 CLAS
Set 1
 CLAS
  
 
 
  
 
 
  
 
 
  
 
 
  
 
 
A
si
n
h
LU
A
si
n
h
LU
A
si
n
h
LU
 
 
 
 
z x PT(GeV)
Fig. 7 The beam SSA Asinφh
LU
for pi+, pi− and pi0 in SIDIS at
CLAS, calculated from the twist-3 DFs in Set 1. The dashed,
dotted and solid curves show the asymmetries from the eH⊥1
term, the g⊥D1 term and the sum of the two terms.
kinematical cuts to perform the numerical calculation:
0.1 < x < 0.6, 0.4 < z < 0.7, Q2 > 1GeV2,
PT > 0.05GeV, W
2 > 4GeV2. (42)
In the left, central and right panels of Fig. 7, we plot
the z, x, and PT dependences of the beam SSAs for π
+,
π− and π0 production calculated from the twist-3 dis-
tributions in Set 1; while in Fig. 8, we plot the similar
asymmetries, but from the twist-3 distributions in Set
2. To distinguish different origins of the contributions,
we use the dashed and dotted curves to specify the con-
tributions from Collins effect and the g⊥D1 term. The
solid curves represent the sum of the contributions from
the above two terms.
It is found that two different sets of the twist-3 TMD
DFs calculated in the previous section will lead to quite
different beam SSAs at CLAS, including the sizes and
the signs. For example, in the first set the asymmetry
from the eH⊥1 term is negative for π
+ and positive for
π−; on the contrary, in the second set the result is pos-
itive for π+ and negative for π−. It is also worthwhile
to mention that in Set 1 the asymmetry contributed
by the g⊥D1 term is dominant for π
+ and π0; while
in Set 2 the contribution from g⊥D1 for three pions
is nonzero only in the large x and PT regions. Further
studies are needed in order to distinguish the different
contributions to the beam SSAs.
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Fig. 8 Similar to Fig. 7, but calculated from the twist-3 DFs
in Set 2.
4 conclusion
In this work, we investigated the beam SSAs of π+, π−
and π0 production in SIDIS process. We considered two
different contributions to the beam SSAs, namely, the
Collins effect and the g⊥D1 term. By using two different
choices for the propagator of the axial-vector diquark,
together with different relations between the quark fla-
vors and the diquark types, we obtained two sets of the
twist-3 TMD DFs e and g⊥ in the spectator model. We
find that different approaches will lead to quite differ-
ent TMD DFs, including their flavor dependences, sizes
and signs. First, eu is negative in Set 1 but is positive
in Set 2 for all x and kT regions; while e
d is positive in
the small x region and turns out to be negative in the
large x region. Second, the sizes of e and f1 at small
kT are very different in two different sets. Third, g
⊥u
dominates over g⊥d in Set 1 while they are comparable
in Set 2.
Using the model results for e and g⊥, we calcu-
lated the beam SSAs AsinφhLU for the electroproduction of
charged and neutral pions in SIDIS at the kinematics of
HERMES and CLAS, respectively. Comparing the the-
oretical curves with the data measured by HERMES at
27.6 GeV, we find that from the prediction of the Set 1
DFs, our results can describe the data for π+ and π0,
while the calculation miss the sign of the asymmetry
for π−; on the contrary, in the case of Set 2, our re-
sults agree with the data for π+ and π− fairly well, but
the prediction for π0 largely underestimates the data.
Similarly, we find that two different sets of DFs lead to
different asymmetries at CLAS with the beam energy
9Ee = 5.5 GeV. Also, the roles of the eH
⊥
1 and g
⊥D1
terms are different in two different sets. In conclusion,
although the spectator model calculations can describe
the asymmetries for certain pion production in some
kinematic regions, it seems that it is difficult to explain
the asymmetries for all three pions in a consistent way
from the current spectator models. Further studies are
needed to arrive at a complete description on the beam
SSAs for the charged and neutral pions based on the
TMD framework.
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